r The mechanisms responsible for the high inter-individual variability in blood pressure responses to exercise remain unclear.
Introduction
Blood pressure (BP) responses to exercise demonstrate high inter-individual variability (Ingelsson et al. 2007; Nunes et al. 2014; Notay et al. 2018) , with exaggerated responses linked to an increased risk of future hypertension and cardiovascular mortality (Chaney & Eyman, 1988; Miyai et al. 2000 Miyai et al. , 2002 Weiss et al. 2010) . The mechanisms responsible for the variability in exercise pressor responses are unclear. Activation of the sympathetic nervous system is critical for the maintenance of exercising BP and matching of cardiac output to skeletal muscle demand (Joyner & Casey, 2015) , with accentuated sympathetic vasoconstriction considered a mechanism for a hypertensive response to exercise (Schultz & Sharman, 2014) . During exercise, increases in sympathetic outflow occur primarily from feedforward signals from higher brain regions related to perception of effort (i.e. central command) and feedback signals from group III/IV skeletal muscle afferents sensitive to stretch and chemical stimuli, termed the muscle mechanoreflex and metaboreflex, respectively (Fisher et al. 2015) . Stimulation of the muscle metaboreflex is known to potently activate the sympathetic nervous system (Mark et al. 1985) , and its over-activation is implicated in mediating larger BP responses during exercise in patients with hypertension (Delaney et al. 2010; Greaney et al. 2015) .
Evidence suggests that genetic influences can contribute to the variability in BP responses to exercise; however, to date, most research has focused on single-nucleotide polymorphisms (SNPs) in genes encoding adrenergic receptors (i.e. related to the vascular transduction of efferent sympathetic outflow), endothelial nitric oxide synthase, or components of the renin-angiotensin-aldosterone system (Eisenach et al. 2005; Ueno et al. 2005; Nieminen et al. 2006; Ingelsson et al. 2007; Dias et al. 2009; Nunes et al. 2014 Nunes et al. , 2016 . SNPs are single-base-pair alterations in DNA that are prevalent throughout the human genome, and can influence, for example, gene expression or receptor function (Shastry, 2009) . Whether genetic variations in metabolically sensitive receptors found in skeletal muscle group III/IV afferents contribute to the variability in BP responses to exercise is unknown. Functional differences in the chemical sensitivity of muscle metaboreceptors could modulate afferent feedback to brainstem regions controlling efferent sympathetic and parasympathetic outflow, and ultimately BP (Amann et al. 2015) . Prior work has shown that group III/IV skeletal muscle afferents respond to a wide array of stimuli, and can contain acid sensing ion channel (ASIC), transient receptor potential vanilloid 1 (TRPV1), prostaglandin E2 (PTGER2), purinergic P2X (P2RX) and bradykinin B2 (BDKRB2) receptors (Greaney et al. 2015) , though the specific contributions of individual receptor classes, particularly TRPV1 receptors, on the exercise pressor reflex remain controversial. Importantly, each of these genes possesses SNPs with common genetic variants (i.e. minor allele frequencies >10%).
The primary purpose of this study was to determine the effects of genetic variants of genes encoding metabolically sensitive receptors, present in group III/IV skeletal muscle afferents, on heart rate and BP responses during static handgrip exercise. This exercise mode was selected based on the large body of evidence that BP responses to static handgrip exercise are tightly linked to activation of the muscle metaboreflex (Mark et al. 1985; Delaney et al. 2010) . To further isolate the actions of the muscle metaboreflex, BP responses were also assessed during post-exercise circulatory occlusion (PECO). In addition, as many of the metaboreceptors found in group III/IV afferents are not selective to skeletal muscle, heart rate and BP responses were measured during a mental stress task (serial subtraction) to serve as an internal control (i.e. a stimulus that increases BP without feedback from group III/IV afferents). We hypothesized that genetic variants in metabolically sensitive receptors found in skeletal muscle would contribute to the high inter-individual variability observed in BP responses to static handgrip exercise but not mental stress.
Methods

Ethics approval
The University of Guelph Research Ethics Board approved all procedures ) and the study conformed to the standards set by the Declaration of Helsinki, except for registration in a database. All participants provided informed, written consent prior to engaging in the study protocol.
Participants
Two hundred young healthy recreationally active men (n = 91) and women (n = 109) participated in the study between January 2017 and February 2018. All female participants were studied during the early follicular phase (between days 1 and 5) of the menstrual cycle and self-reported that they had a regular 28-day menstrual cycle; those on oral contraception (n = 47) were studied within the first 5 days of their placebo pill phase. All participants were free of known cardiovascular or metabolic disease, and did not consume any chronic medications other than oral contraception. The present cohort consisted almost exclusively of non-Hispanic Caucasians with only five Hispanic and three black participants. A portion of the static handgrip blood pressure data from this study has been used previously to address an unrelated hypothesis (Notay et al. 2018) .
Experimental protocol
The study consisted of a randomized crossover design examining BP responses to static handgrip exercise and mental stress. All participants underwent a familiarization visit to describe all aspects of the study protocol and practice performing maximal voluntary contractions on a handgrip dynamometer (Lafayette Instrument, Lafayette, LA, USA), as well as a single testing visit. Prior to the testing visit, participants were asked to refrain from caffeine, alcohol and vigorous exercise for a minimum of 24 h, and food or fluids for 1 h. Participants were studied in a light and temperature controlled laboratory. Following voiding and collection of anthropometric measurements, participants were positioned upright on a comfortable chair with their feet supported on an ottoman. Participants were asked to execute two maximal handgrip contractions in their left hand to determine maximal voluntary contraction (MVC); 16 participants were left-handed (7 men; 9 women). Each contraction lasted ß3 s and they were separated by at least 30 s of rest. If the MVC between the two contractions was >3 kg, a third MVC was required to be completed; however, this did not occur in any of the participants. The highest value was taken as MVC.
Next, participants were given 10 min of rest, after which continuous measures of heart rate and BP, as well as discrete minute-to-minute brachial BP, were collected simultaneously over a 5 min resting baseline period. Following this baseline period, participants were randomized to begin collection during either the static handgrip or the mental stress protocol; a minimum of 10 min rest was provided between the two stressors to ensure that all cardiovascular measures returned to baseline values. Continuous measurements of heart rate and BP were collected throughout both stressors. During the static handgrip protocol, participants completed a 2 min resting baseline, 2 min static handgrip contraction at 30% MVC, and 2 min of PECO. To complete PECO, a manual sphygmomanometer (DS400 Aneroid Sphygmomanometer; D.E. Hokanson Inc., Bellevue, WA, USA) was inflated to 220 mmHg (i.e. suprasystolic) in the upper left arm immediately prior to the completion of the static handgrip contraction. During the mental stress task, participants were randomly assigned to subtract 11 or 13 from a three-or four-digit number, with a new number appearing on a personal computer every 5 s for a total of 2 min. The same 24 numbers were used for all participants. Answers were monitored to ensure that effort was given during the test; however, no verbal feedback was given to participants regarding correctness. Encouragement was also given to ensure participants continued to answer questions.
Measurements
Electrocardiography (Lead II) was used to continuously obtain beat-to-beat heart rate (ADInstruments Inc., Colorado Springs, CO, USA). Respiratory movements were monitored to ensure spontaneous breathing using a piezoelectric transducer positioned around the abdomen (Pneumotrace II, UFA, Morro Bay, CA, USA). To attain accurate recordings of blood pressure at rest, discrete left brachial blood pressure was logged on a minute-to-minute basis using an automated sphygmomanometer (BPTru Medical Devices, Coquitlam, Canada) . A total of six discrete readings were taken, with the average of the last five recordings used for analysis. Both medium (cuff dimensions: 12 × 23 cm; n = 132) and large (cuff dimensions: 15 × 33 cm; n = 68) sized BP cuffs were used depending on the participant's arm circumference. Continuous beat-to-beat BP was recorded from the right middle finger using photoelectric plethysmography (Finometer MIDI, Finapres Inc., Enschede, Netherlands) to monitor haemodynamic responses during exercise and mental stress. Small (cuff fit: 45-55 mm; n = 27), medium (cuff fit: 55-65 mm; n = 139) and large (cuff fit: 65-75 mm; n = 34) sized finger cuffs were used depending on the participant's middle finger circumference. All continuous data were digitized and stored with LabChart (PowerLab, ADInstruments, Colorado Springs, CO, USA). Heart rate, respiration and blood pressure were recorded at a sampling frequency of 1000 Hz.
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Selection of genetic variants and genotyping
The five candidate SNPs were chosen based on prior literature demonstrating associations with differences in BP at rest (Ko et al. 2008) , investigated for differences in pulse pressure (Stokes et al. 2011) , higher prevalence in hypertensive populations (Cui et al. 2005; Sato et al. 2007) , or alterations in receptor structure or sensitivity (Wang et al. 2016) . All SNPs had a minor allele frequency (MAF) >10% in a European population according to dbSNP (https://www.ncbi.nlm.nih.gov/projects/SNP/). DNA was extracted from either venous blood (n = 90) or saliva (n = 110), as previously described (Klingel et al. 2017) . Briefly, 2 mL of saliva was collected in an Oragene DNA collection kit and DNA was extracted according to the manufacturer's instructions (DNA Genotek, Ottawa, ON, Canada). For venous blood, DNA was extracted using the Qiagen Paxgene Blood DNA kit, according to the manufacturer's instructions (Qiagen, Toronto, ON, Canada). Participants were genotyped for SNPs in TRPV1 (rs222747; G/C; MAF: 0.32), ASIC3 (rs2288645; G/A; MAF: 0.20), BDKRB2 (rs1799722; C/T; MAF: 0.43), P2RX4 (rs25644; A/G; MAF: 0.16) and PTGER2 (rs17197; A/G; MAF: 0.22) using the MassARRAY R Analyser 4 System (Agena Biosciences, San Diego, CA, USA) using iPlex gold chemistry and analysed using Typer 4.0 software at SickKid's Centre for Applied Genomics (Toronto, ON, Canada). Briefly, each locus was amplified by polymerase chain reaction and a third primer that flanks the polymorphism site was extended by one base. The extension reaction products were analysed using matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) mass spectrometry to identify the amount and type of molecules present in the sample (Storm et al. 2003) . Five DNA samples were randomly selected for replication and 100% concordance was achieved. Three quality control samples were also run and had 100% agreement.
Data and statistical analysis
Heart rate and BP measurements were averaged over a 2 min resting baseline and during the second minute of static handgrip exercise, PECO and mental stress. The change () from baseline was calculated for statistical analysis. The coefficients of variation were calculated to measure the absolute variability of BP and heart rate responses during static handgrip exercise. All haemodynamic data were collected and analysed prior to obtaining genotyping results (i.e. blind to group allocation).
Statistical analyses were performed using IBM SPSS Statistics 25 (IBM Corp., Armonk, NY, USA) and Prism (GraphPad Software Inc., La Jolla, CA, USA). Deviation from Hardy-Weinberg equilibrium was tested for each SNP using the χ 2 test. Due to the low number of homozygotic minor alleles for most SNPs, we combined heterozygous and minor homozygous subjects into a single group called 'minor allele carriers' for each SNP (Klingel et al. 2017) . Thus, associations between genes and study endpoints were investigated using a dominant genetic model (i.e. MM vs. Mm+mm). BP and heart rate responses between genotype groups were compared using a one-way analysis of covariance (ANCOVA). Age and sex were used as covariates for the comparison of resting baseline values, PECO and mental stress responses, while age, sex and MVC (Notay et al. 2018) were used as covariates during static handgrip exercise. Relative proportions of allele groups between men and women at baseline were tested using two-tailed Fisher's exact tests. Subgroup analysis was conducted to determine the influence of sex on heart rate and BP responses to static handgrip exercise, PECO and mental stress using two-way ANCOVAs. Age was used as a covariate for PECO and mental stress responses, while age and MVC were used during static handgrip exercise. Significant allele × sex interactions were probed using Bonferroni post hoc tests.
To assess the additive effects of significant SNPs, we computed a genetic risk score which labelled individuals as 0, 1 or 2, according to the number of minor alleles they were carrying for the TRPV1 rs222747 and BDKRB2 rs1799722 SNPs. Group 0 comprised individuals carrying no minor alleles, group 1 comprised individuals carrying one minor allele (irrespective of the gene) and group 2 comprised individuals carrying both minor alleles. BP and heart rate responses between genetic risk score groups were compared with an ANCOVA, using age, sex and MVC as covariates. Significant main effects between genetic risk score groups were probed using Bonferroni post hoc tests. Significance was considered P < 0.05. Data are presented as mean ± SD, unless otherwise stated.
Results
Complete BP, heart rate and genotype data were obtained in 200 participants with no adverse effects. Resting baseline characteristics of the cohort are presented in Table 1 .
All of the investigated SNPs were in Hardy-Weinberg equilibrium (P > 0.05).
As expected, all participants experienced increases in both systolic and diastolic BP during static handgrip exercise. The majority of participants also had an increase in heart rate with the exception of three individuals who had a slight decrease (removal of these participants did not impact the results). There was no effect of testing order on any variable (P > 0.05). Figure 1 displays the distributions and coefficients of variation for changes in BP and heart rate with static exercise. Overall, the mean increase in systolic and diastolic BP during static handgrip 172 ± 9 170 ± 9 0.10 Weight (kg) 71 ± 13 67 ± 13 0.05 Body mass index (kg m −2 ) 2 4± 3 23 ± 3 0.14 Heart rate (beats min −1 ) 6 6 ± 11 68 ± 11 0.15 Systolic blood pressure (mmHg) 105 ± 8 104 ± 9 0.75 Diastolic blood pressure (mmHg) 66 ± 7 66 ± 7 0.97 Mean arterial pressure (mmHg) 79 ± 7 79 ± 7 0.92 Maximal volitional contraction (kg) 36 ± 12 36 ± 13 0.92 Data are shown as mean ± SD.
exercise was 20 ± 10 and 16 ± 7 mmHg, respectively. These pressor responses were largely maintained during PECO, which had mean increases in systolic and diastolic BP of 18 ± 10 and 12 ± 6 mmHg, respectively. The mean increases in heart rate during static handgrip exercise and PECO were 14 ± 9 and 0 ± 6 beats min −1 , respectively.
TRPV1 rs222747
Baseline characteristics were not significantly different between major (GG) and minor (CC + CG) allele carriers (Table 2) . Systolic BP responses were smaller in GG versus CC + CG individuals during static handgrip exercise (19 ± 10 vs. 22 ± 10 mmHg, P = 0.03), but not PECO (17 ± 10 vs. 19 ± 11 mmHg, P = 0.29) or mental stress (14 ± 9 vs. 14 ± 12 mmHg, P = 0.94) (Fig. 2) . Diastolic BP responses were not significantly different between GG versus CC + CG individuals during static handgrip exercise (16 ± 7 vs. 17 ± 7 mmHg, P = 0.15), PECO (12 ± 6 vs. 12 ± 6 mmHg, P = 0.65) or mental stress (10 ± 6 vs. 9 ± 5 mmHg, P = 0.14). A trend for smaller heart rate responses to static handgrip exercise was found in GG compared to CC + CG (13 ± 8 vs. 15 ± 9 beats min −1 , P = 0.09) but not during PECO (0 ± 5 vs. 0 ± 7 beats min −1 , P = 0.80) or mental stress (9 ± 9 vs. 9 ± 9 beats min −1 , P = 0.95). Subgroup analysis did not detect any allele × sex interactions for static handgrip exercise, PECO or mental stress (all P > 0.05; data not shown).
BDKRB2 rs1799722
Baseline diastolic BP was higher in major (CC) allele carriers than minor (CT + TT) (67 ± 8 vs. 65 ± 6 mmHg, P = 0.02); however, all other characteristics were not significantly different between groups (all P > 0.05) ( 2 4± 3 23 ± 3 0.45 Heart rate (beats min −1 ) 6 8 ± 11 67 ± 11 0.75 Systolic blood pressure (mmHg) 105 ± 9 104 ± 8 0.08 Diastolic blood pressure (mmHg) 67 ± 8 65 ± 6 0.02 Mean arterial pressure (mmHg) 80 ± 7 78 ± 6 0.03 Maximal volitional contraction (kg) 34 ± 12 37 ± 13 0.16 Data are shown as mean ± SD. P = 0.16), PECO (16 ± 9 vs. 18 ± 11 mmHg, P = 0.26) or mental stress (15 ± 11 vs. 14 ± 11 mmHg, P = 0.46). In contrast, CC had smaller diastolic BP responses during static handgrip exercise (14 ± 7 vs. 17 ± 7 mmHg, P = 0.007) and PECO (11 ± 6 vs. 13 ± 7 mmHg, P = 0.05), but not mental stress (10 ± 6 vs. 10 ± 5 mmHg, P = 0.98). Heart rate exhibited similar attenuated responses in CC during static handgrip exercise (12 ± 8 vs. 15 ± 9 beats min −1 , P = 0.03) but not PECO (0 ± 5 vs. 1 ± 7 beats min −1 , P = 0.23) or mental stress (9 ± 10 vs. 8 ± 8 beats min −1 , P = 0.61) (Fig. 3) . Subgroup analysis demonstrated significant allele × sex interactions with attenuated systolic and diastolic BP responses during static handgrip exercise in CC vs. CC + CT men (21 ± 10 vs. 26 ± 9 mmHg, P = 0.01; and 15 ± 7 vs. 19 ± 7 mmHg, P = 0.001, respectively) but no differences in women (all P > 0.05) (Fig. 4 ). There were no sex differences in heart rate responses during static handgrip exercise, or heart rate and BP responses during PECO or mental stress (all P > 0.05).
ASIC3 rs2288645
All baseline characteristics were similar between major (GG) and minor (AA + AG) allele carrier groups, as were all BP and heart rate responses to static handgrip exercise, PECO, and mental stress (all P > 0.05; Table 4 ). Subgroup analysis did not yield any allele × sex interactions during static handgrip exercise or mental stress (all P > 0.05); however, GG men exhibited a larger systolic BP response during PECO (22 ± 11 vs. 17 ± 9 mmHg, P = 0.03).
PTGER2 rs17197
Baseline heart rate was lower in major (AA) allele carriers compared to minor (AG + GG) (66 ± 11 vs. 69 ± 11 beats min −1 , P = 0.01), though no other characteristics were different between groups (all P > 0.05), as were all BP and heart rate responses during static handgrip exercise, PECO and mental stress (Table 5 ). Subgroup analysis did not yield any allele × sex interactions during static handgrip exercise or mental stress (all P > 0.05); however, AA men demonstrated larger systolic BP responses during PECO (23 ± 12 vs. 17 ± 7 mmHg, P = 0.01). A similar trend was observed for diastolic BP during PECO (interaction term, P = 0.06).
P2RX4 rs25644
All baseline characteristics were similar between major (AA) and minor (AG + GG) allele carrier groups, as were all BP and heart rate responses to static handgrip exercise, PECO and mental stress (all P > 0.05; 10 ± 6 10 ± 6 0.37
Heart rate (beats min −1 ) 9± 9 8± 9 0.50 Data are shown as mean ± SD analysis did not yield any significant allele × sex interactions (all P > 0.05) (data not shown).
TRPV1-BDKRB2 genotype risk score
As shown in Fig. 5 , individuals carrying both minor alleles (group 2) had larger systolic BP responses during static handgrip exercise than individuals carrying no minor alleles (group 0) (22 ± 11 vs. 17 ± 10 mmHg, P = 0.04). Differences between group 2 and those carrying one minor allele (group 1) (22 ± 11 vs. 20 ± 9 mmHg, P = 0.45) or between group 1 and group 0 (20 ± 9 vs. 17 ± 10 mmHg, P = 0.48) did not reach statistical significance. Diastolic BP responses during static handgrip exercise were larger in group 2 vs. group 0 (18 ± 7 vs. 14 ± 7 mmHg, P = 0.01) and tended to be larger between group 1 vs. group 10 ± 6 10 ± 6 0.10
Heart rate (beats min −1 ) 9± 8 8 ± 10 0.40
Data are shown as mean ± SD 0 (16 ± 6 vs. 14 ± 7 mmHg, P = 0.08). No differences were found between group 2 vs. group 1 (18 ± 7 vs. 16 ± 6 mmHg, P = 0.97). Heart rate responses during static handgrip exercise were larger in group 2 vs. group 1 (16 ± 10 vs. 12 ± 8 beats min −1 , P = 0.04) and group 0 (16 ± 10 vs. 13 ± 9 beats min −1 , P = 0.04). No differences were observed between group 1 vs. group 0 (13 ± 9 vs. 12 ± 8 beats min −1 , P = 0.99). Subgroup analysis demonstrated that within men those in group 2 had larger systolic BP responses during static handgrip exercise than group 0 (27 ± 11 vs. 20 ± 9 mmHg, P = 0.01). Similarly, diastolic BP responses during static handgrip exercise were larger in group 2 vs. group 0 (19 ± 7 vs. 13 ± 7 mmHg, P = 0.001) and between group 1 vs. group 0 (18 ± 6 vs. 13 ± 7 mmHg, P = 0.004). Heart rate responses were larger in group 2 vs. group 0 (17 ± 11 vs. 11 ± 8 beats min −1 , P = 0.02). In contrast, all BP and heart rate responses during static handgrip exercise were not significantly different in women (all P > 0.05).
Discussion
The feedback of group III/IV skeletal muscle afferents is critical to maintaining the appropriate haemodynamic response during exercise (Amann et al. 2010 ). The present study sought to investigate whether genetic variants in metabolically sensitive receptors found in skeletal muscle afferents can influence BP responses to exercise. In support of our hypothesis, we observed that minor allele carriers of both TRPV1 rs222747 and BDKRB2 rs1799722 were associated with larger BP and/or heart rate responses during static handgrip exercise but not our internal control mental stress task. Further, the diastolic BP differences observed with BDKRB2 rs1799722 during static handgrip exercise were also present during isolation of the muscle metaboreflex using PECO. Although independently these relative changes were small ( 2-3 mmHg), the combination of these polymorphisms resulted in a ß22-23% greater difference in systolic and diastolic BP responses ( 4-5 mmHg) between individuals carrying both minor alleles than individuals carrying no minor alleles. Interestingly, subgroup analysis determined that the haemodynamic effects of these two genetic variants were primarily in men, with even larger differences ( 6-7 mmHg) in exercise BP responses between groups. No differences in haemodynamic responses during exercise or mental stress were detected for PTGER2 rs17197, ASIC3 rs2288645 or P2RX4 rs25644. These results demonstrate that genetic variants in skeletal muscle metaboreceptors can independently and synergistically influence the magnitude of the BP response to exercise. Prior investigations focusing on the contribution of genetic variants to the variability in exercise BP responses have focused primarily on polymorphisms in genes related to adrenergic and renin-angiotensin-aldosterone system receptors (Eisenach et al. 2005; Ueno et al. 2005; Nieminen et al. 2006; Ingelsson et al. 2007; Dias et al. 2009; Nunes et al. 2014 Nunes et al. , 2016 . However, while these studies have demonstrated that such SNPs can influence pressor responses to exercise, they may be confounded by not measuring or controlling for potential differences in central sympathetic outflow to the vasculature. Afferent signals arising from skeletal muscle provide important feedback to the brainstem to maintain necessary BP and heart rate responses during exercise (Amann et al. 2010) . The exercise pressor reflex is known to consist of mechanically and metabolically sensitive afferents, which relate primarily to group III and IV afferents, respectively (Fisher et al. 2015) . The contribution of this reflex is well studied and activation of the muscle metaboreflex is known to be a potent stimulator of sympathetic vasoconstrictor outflow and BP responses during static handgrip exercise (Mark et al. 1985) . A large number of studies, primarily in animal models (Stebbins et al. 1986 (Stebbins et al. , 1990 Rotto & Kaufman, 1988; Rotto et al. 1989; Symons et al. 1991; Pan et al. 1993; Kindig et al. 2005; Hayes et al. 2008; Smith et al. 2010; Mizuno et al. 2011; Stone et al. 2015) , have sought to identify the roles of specific metabolites responsible for engaging the Group 0 comprised individuals carrying no minor alleles, group 1 comprised individuals carrying one minor allele (irrespective of the gene) and group 2 comprised individuals carrying both minor alleles. All participants, group 0 (n = 34), group 1 (n = 91), group 2 (n = 75); in men, group 0 (n = 13), group 1 (n = 40) and group 2 (n = 38); in women, group 0 (n = 21), group 1 (n = 51) and group 2 (n = 37). Data are mean ± SEM. P values adjusted for age, sex and maximal volitional contraction.
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exercise pressor reflex, focusing specifically on stimuli to TRPV1, BDKRB2, ASIC, P2RX4 and PTGER2 receptor pathways (Greaney et al. 2015) . However, the physiological contributions or role of each receptor class remain controversial and difficult to study in humans. Examining common genetic variants, especially those with known functional consequences, may represent a novel model to uncover the involvement of specific receptors.
Direct data investigating the role of TRPV1 receptors on the exercise pressor reflex in humans are limited. Recently, topical forearm application of capsaicin (a selective TRPV1 agonist) was shown to attenuate muscle sympathetic nerve activity during static handgrip and BP and muscle sympathetic responses during PECO, hypothesized to be secondary to desensitization of TRPV1 receptors (Vianna et al. 2018) . Similarly, animal data from rats demonstrate that infusion of a TRPV1 antagonist attenuates the mean BP and heart rate responses to a static contraction by 7 mmHg and 2 beats min −1 , respectively, through a metabolic, not mechanical, pathway (Smith et al. 2010) . Further, blockade of TRPV1 receptors attenuates the overactive exercise pressor response in hypertensive rats (Mizuno et al. 2011 ). The present results support a role for TRPV1 in mediating the pressor responses to exercise in humans and demonstrate that the TRPV1 rs222747 polymorphism can contribute to the BP response to static handgrip exercise, with larger systolic BP responses seen in CC + GC individuals (independent of sex). We did not investigate the functional consequences of TRPV1 rs222747; however, in line with our findings, prior ex vivo culture work in human embryonic kidney suggests that this variant can be associated with increased calcium permeation and gain-of-function in response to acid or capsaicin (Wang et al. 2016) .
Skeletal muscle contraction is associated with the release of bradykinin (Rett et al. 1989) , and despite its known role as a vasodilator and potential regulator of exercise-induced hyperaemia (Langberg et al. 2002) , bradykinin can also stimulate group III/IV afferents, particularly at high intensities (Stebbins et al. 1990; Pan et al. 1993) . Although data are limited in humans, BDKRB2 antagonism in cats attenuates the BP and heart rate during a 30 s electrically stimulated static hindlimb contraction by ß41-50% (Pan et al. 1993 ). The present results support a role of bradykinin in activating the exercise pressor reflex in humans and demonstrate that BDKRB2 rs1799722 CT + TT individuals have greater diastolic BP responses during static handgrip exercise and PECO in comparison to major CC carriers. Subgroup analysis demonstrated that the systolic and diastolic BP responses to static handgrip exercise were impacted by sex, with differences present between CC vs. CT + TT allele carriers in men but not women. These findings align with prior work demonstrating the influence of another BDKRB2 polymorphism, rs5810761, found to be associated with systolic BP responses during treadmill exercise in men but not in women (Nunes et al. 2014) . Future work is required to understand the mechanisms responsible for sex-based differences in the influence of BDKRB2 polymorphisms on BP responses to exercise.
ASIC receptors have been shown to contribute to the exercise pressor reflex, as blunting lactic acid production during 20% MVC static handgrip exercise to failure decreases sympathetic and BP responses (Ettinger et al. 1991) . However, it should be noted that the attenuated BP responses were observed primarily in the fourth to fifth minute of exercise immediately prior to fatigue (Ettinger et al. 1991) . Thus, our 2 min 30% MVC static handgrip contraction may not have been of sufficient duration (or degree of fatigue) to activate this pathway. Similarly, systemic blockade of prostaglandin synthesis can attenuate mean BP and heart rate during the third minute of a 30% MVC static handgrip contraction (Fontana et al. 1995) , while local blockade can attenuate the muscle sympathetic response prior to 30% MVC static contraction failure (Cui et al. 2007 ). However, not all work is consistent as prostaglandin blockade did not impact BP during a 40% MVC static handgrip to exhaustion (Davy et al. 1993 ). Again, it should be noted that prostaglandin accumulation during static exercise is greatest during high-intensity or ischaemic exercise (Symons et al. 1991 ) and thus may not have been activated by our moderate intensity exercise protocol. Finally, P2RX receptors have been shown to contribute to the exercise pressor reflex in humans as infusion of a non-specific P2 receptor agonist (pyridoxine hydrochloride) attenuates BP responses to a 30% MVC static handgrip contraction to failure (Cui et al. 2011) . Again, this observation was seen in a static handgrip exercise response to failure (i.e. ischaemic model). Future work is required to establish the role of ASIC3, P2RX4 and PTGER2 polymorphisms using different exercise paradigms of varying intensity and contraction duration.
In addition to examining the BP responses to static handgrip exercise, we employed PECO in an attempt to isolate the effects of the muscle metaboreflex. Our study aligns with prior work (e.g. Mark et al. 1985) showing that BP responses to static handgrip exercise are largely maintained during PECO and thus considered to be mediated primarily by stimulation of the muscle metaboreflex. We did observe that the effects of BDKRB2 rs1799722 on diastolic BP responses demonstrated parallel group differences during static handgrip exercise and PECO; however, the effects of TRPV1 rs222747 on systolic BP responses and BDKRB2 rs1799722 on heart rate responses during static handgrip exercise were not accompanied by similar observations during PECO. The latter observations are not surprising given that heart rate responses during static handgrip exercise quickly return to baseline during PECO (present study: 0 ± 6 beats min −1 ). While this could be taken as evidence against a role of the muscle metaboreflex in controlling heart rate, other work suggests that metaboreflex-mediated cardiac sympathetic activation is largely masked by parallel cardiac parasympathetic reactivation at moderate intensities (Fisher et al. 2010) . Interestingly, we observed that ASIC3 rs2288645 and PTGER2 rs17197 both impacted systolic BP during PECO, but not static handgrip, in men. This is consistent with the need for a larger ischaemic stimulus to activate these pathways, and with evidence that men have greater BP response to static handgrip and PECO (Notay et al. 2018; Parmar et al. 2018) . It is also important to consider methodological limitations of using PECO to isolate the haemodynamic contributions of the muscle metaboreflex.
Mainly, the PECO model assumes that neural reflexes (e.g. mechanoreflexes, metaboreflexes, central command) contribute additively and does not account for potential interactions. For example, it has been postulated that central command may be modified by perception of effort (Williamson, 2010) , which itself can be influenced by feedback from group III/IV skeletal muscle afferents (Amann et al. 2008 (Amann et al. , 2015 . Thus, during static handgrip exercise, alterations in muscle metaboreflex activation could be interacting with other neural mechanisms, such as central command, to further modify the BP response. Finally, the recent discovery of subtypes of group III/IV afferents which respond selectively to low or high (noxious) levels of intramuscular metabolites raise questions regarding the applicability of PECO, particularly as it relates to freely perfused exercise modes (Amann et al. 2015) . In addition to supporting a role for TRPV1 and BDKRB2 receptors in mediating the exercise pressor reflex in humans, the present study has a number of stimulating clinical implications. First, a substantial body of evidence demonstrates the prognostic value of exaggerated BP reactivity to exercise (Schultz & Sharman, 2014) . That is, in otherwise healthy or diseased individuals, a larger BP response to dynamic (Miyai et al. 2000 (Miyai et al. , 2002 Weiss et al. 2010) and static handgrip (Chaney & Eyman, 1988) exercise is associated with heightened risk for future hypertension or cardiovascular events. The elucidation of genetic risk factors for identifying such individuals would be beneficial for providing early monitoring or aggressive treatment to reduce these future risks. Second, over-activation of the muscle metaboreflex is considered to be a feature of the pathophysiology in both hypertension (Delaney et al. 2010; Greaney et al. 2015) and heart failure (Notarius et al. 2001) . Older hypertensives display a ß30% larger systolic and diastolic peak BP response during a 40% MVC static handgrip exercise than age-matched normotensives (Delaney et al. 2010) . In a cohort more comparable to the present study, young unmedicated prehypertensive men demonstrate ß30% higher peak mean arterial pressure responses during a 50% MVC static handgrip exercise than normotensive controls (Choi et al. 2013) . In the present study, the combination of the TRPV1 rs222747 and BDKRB2 rs1799722 polymorphisms in men resulted in individuals carrying minor alleles for both genes having 30% and 38% higher systolic and diastolic BP responses, respectively, during static handgrip exercise than those carrying no minor alleles. Thus, the BP differences caused by the TRPV1 rs222747 and BDKRB2 rs1799722 polymorphisms in men exhibit a similar magnitude difference as reported in those with prehypertension or hypertension. The functional consequences of an overactive muscle metaboreflex are more readily apparent in heart failure, where the result is exaggerated muscle sympathetic responses during static and dynamic exercise (Notarius et al. 2001 (Notarius et al. , 2015 , and restraint of exercising limb blood flow (Amann et al. 2014) , providing a neural mechanism for exercise intolerance in this population. Whether the prevalence of TRPV1 rs222747 and BDKRB2 rs1799722 risk alleles in clinical populations further modifies BP or sympathetic responses warrants future investigation.
We acknowledge several limitations. First, the metabolically sensitive receptors found in group III/IV afferents are not specific to skeletal muscle and most can be found in several locations both centrally and peripherally. For example, TRPV1 receptors are expressed on both neural and non-neural cells, such as the brain, skin, mast cells, hair follicles, urinary bladder, lungs and inner ear, and are involved in a wide range of diverse physiological functions (Messeguer et al. 2006) . Nevertheless, we selected each of these receptors on the basis of prior evidence that they are involved in mediating the exercise pressor response (Greaney et al. 2015) and employed mental stress to serve as an internal control to provide greater certainty that BP and heart rate differences during exercise were attributable to receptors present in skeletal muscle. Second, we examined the associations between polymorphisms and haemodynamic responses and did not determine how the structure or expression of these receptors was altered between major and minor allele carriers. In line with our findings, prior studies have demonstrated altered sensitivity of TRPV1 rs222747 variants due to a Met315Ile missense mutation occurring in the exon region (Wang et al. 2016) and altered receptor expression of bradykinin receptors with BDKRB2 rs1799722 variants due to the T allele (Braun et al. 1996) . Third, we employed a 2 min static handgrip exercise completed in the seated posture and our results may not be generalizable to other postures, contraction durations or exercise modes. Fourth, our cohort consisted of young healthy individuals to avoid the confounding influences of background pharmacological therapy or co-morbidities; however, future research is necessary in those with hypertension shown to exhibit accentuated BP responses to exercise and heightened muscle metaboreflex activation (Delaney et al. 2010; Greaney et al. 2015) . Fifth, J Physiol 596.21 the coefficients of variation were larger during PECO than static handgrip, which likely impaired our ability to see parallel statistical changes in both tests; however, the magnitude and direction of differences between groups was similar. Finally, our sample size limited our capacity to investigate the interactions of all studied SNPs, and we consider these results to represent pilot findings to direct future investigations in larger cohorts.
Conclusion
Herein, we demonstrate that TRPV1 and BDKRB2 polymorphisms can influence the haemodynamic responses to exercise but not mental stress. Although the modest effects of individual genetic variants on BP and heart rate during exercise are not surprising given the likely redundancy of the muscle metaboreflex and the integrative complexity of BP regulation during exercise (Stone et al. 2015) , we observed additive effects of TRPV1 rs222747 and BDKRB2 rs1799722 resulting in ß22-23% differences in systolic and diastolic BP responses between individuals carrying both minor alleles compared to individuals carrying no minor alleles. Subgroup analysis determined that these differences were observed primarily in men, and corresponded similarly to reported differences between BP responses during static handgrip exercise in normotensive and hypertensive populations (Delaney et al. 2010; Choi et al. 2013) . Future studies are required to test whether polymorphisms in both afferent and efferent pathways similarly produce additive responses and can explain a larger proportion of BP variance.
